Sperm-induced Ca 2⍣ signals mediate the events of oocyte activation at fertilization. In this study, the development of mechanisms involved in the generation of Ca 2⍣ signals in human oocytes was investigated. The thiol reagent, thimerosal, which induces oscillations of intracellular Ca 2⍣ ([Ca 2⍣ ] i ) similar to those seen during fertilization, was used to mobilize Ca 2⍣ in in-vivo matured, immature and in-vitro matured human oocytes. There was an increase in the sensitivity to thimerosal during maturation of human oocytes, with oocytes from small antral follicles being relatively insensitive, compared with those from luteinized follicles, which displayed a large spike followed by sustained oscillations in [Ca 2⍣ ] i . These oscillations were inhibited by caffeine which suggests that they were mediated by the inositol trisphosphate receptor Ca 2⍣ release system. When immature oocytes were cultured in vitro they acquired the capacity to undergo a single large spike in [Ca 2⍣ ] i , however, subsequent sustained oscillations were not observed, indicating that these oocytes failed to develop fully competent Ca 2⍣ signalling mechanisms during culture in vitro. This finding may be a key factor in the poor developmental competence of in-vitro matured human oocytes.
Introduction
At fertilization, sperm entry triggers an increase in the concentration of egg cytosolic Ca 2ϩ which in mammals is followed by sustained oscillations in the intracellular Ca 2ϩ concentration [Ca 2ϩ ] i (Whitaker and Swann, 1993; Swann and Ozil, 1994) . These transient increases in [Ca 2ϩ ] i are essential for cortical granule release, completion of meiosis and pronuclear formation . Furthermore, the ability of activated eggs to develop to the blastocyst stage may be regulated by the frequency and amplitude of the activating Ca 2ϩ transients (Ozil, 1990) . Thus, the ability of oocytes to undergo sustained oscillations in [Ca 2ϩ ] i is fundamental to normal development following sperm entry.
Calcium oscillations similar to those seen during fertilization of mammalian oocytes occur in a number of cell types and are the result of sequential release and resequestration of Ca 2ϩ by intracellular stores, coupled with Ca 2ϩ influx across the plasma membrane. Internal stores, which are located in specialized regions of the endoplasmic reticulum (ER) (Eisen and Reynolds, 1984) are replenished by the action of Ca 2ϩ -ATPase pumps and Ca 2ϩ release is mediated by receptor/channel complexes. Sharp increases in [Ca 2ϩ ] i which are generally referred to as Ca 2ϩ spikes, are a universal characteristic of intracellular Ca 2ϩ signalling. These are thought to occur by an autocatalytic action of Ca 2ϩ on intracellular Ca 2ϩ release/ receptor complexes, whereby, above a certain threshold level, Ca 2ϩ generates its own release from intracellular stores (for review see Petersen et al., 1994) .
There are two known families of intracellular Ca 2ϩ channels:
the inositol trisphosphate receptor (InsP 3 R) family (Berridge, 1993; Mikoshiba, 1993) and the ryanodine receptor (RyR) family (Coronado et al., 1994; Meissner, 1994) . The InsP 3 Rs are activated by InsP 3 binding (Berridge, 1993) and also by Ca 2ϩ which acts as a co-agonist with InsP 3 (Taylor and Traynor, 1995) . Ryanodine receptors are activated primarily by a rise in [Ca 2ϩ ] i (Coronado et al., 1994; Meissner, 1994) . Functional InsP 3 R Ca 2ϩ release systems are present in the eggs of all species studied (Whitaker and Swann, 1993) and appear to play a central role in triggering the events of egg activation (Whitaker and Irvine, 1984; Miyazaki et al., 1992b; Xu et al., 1994; Fissore et al., 1995) . Functional RyR/channel complexes appear to be present in the eggs of some (Gallione et al., 1991; Swann, 1992; Ayabe et al., 1995; Yue et al., 1995) , but not all, species (Miyazaki et al., 1992b; Gallione et al., 1993) and their role in Ca 2ϩ signalling at fertilization is unclear (Gallione et al., 1993; Ayabe et al., 1995; Berridge, 1996) . Immature oocytes of a number of species (Iwamatsu and Chang, 1972; Usui and Yanagimachi, 1976) , including human (Van Blerkom et al., 1994) do not undergo oocyte activation when penetrated by spermatozoa and there is evidence for a development of Ca 2ϩ signalling mechanisms during oocyte maturation. Immature mouse oocytes release less Ca 2ϩ in response to sperm entry than do mature (Mehlmann and Kline, 1994; Jones et al., 1995) and there is a significantly greater increase in [Ca 2ϩ ] i in mature than in immature oocytes when they are treated with Ca 2ϩ ionophores (Tombes et al., 1992; Mehlmann and Kline, 1994; Jones et al., 1995) , which, in the absence of external Ca 2ϩ , cause mobilization of Ca 2ϩ from internal stores (Stauderman and Pruss, 1989) . Changes in the distribution of ER and InsP 3 Rs during maturation of Xenopus (Kume et al., 1993) and hamster (Shiraishi et al., 1995) oocytes have been reported, and studies in starfish (Chiba et al., 1990) , hamster (Fujiwara et al., 1993) and mouse (Mehlmann and Kline, 1994) indicate that there is an increase in the sensitivity of the InsP 3 R system during oocyte maturation. Given its crucial role during fertilization, the development of a responsive Ca 2ϩ signalling system must be considered as a fundamental element in the acquisition of developmental competence during maturation of oocytes.
Calcium transients similar to those seen during fertilization of other mammalian species have been measured during fertilization in the human (Taylor et al., 1993; , however little is known about the mechanisms of Ca 2ϩ signalling in human oocytes or their development during maturation. The interval between the onset of the luteinizing hormone (LH) surge and ovulation in humans is~40 h, during which, oocytes of mature follicles resume meiosis and acquire the capacity to undergo fertilization. Like those of other mammalian species, human oocytes spontaneously resume meiosis when they are removed from unluteinized antral follicles. However, in-vitro matured human oocytes have a low potential for normal development following insemination (Trounson et al., 1994; Barnes et al., 1996; Russell et al., 1996) . One reason for this may be that oocytes fail to develop competent Ca 2ϩ signalling mechanisms during maturation in vitro, and subsequent development is compromised by this failure.
The aim of this study was to investigate the development of Ca 2ϩ signalling mechanisms in human oocytes during maturation in vivo and in vitro. Thimerosal, a sulphydryl reagent which induces Ca 2ϩ oscillations similar to those seen during fertilization in the eggs of a number of species including human (Swann and Ozil, 1994; Herbert et al., 1995) , was used to investigate the capacity of immature, in-vitro matured and in-vivo matured human oocytes to undergo oscillations in [Ca 2ϩ ] i . Caffeine, which potentiates RyR-mediated Ca 2ϩ release and inhibits InsP 3 R-mediated Ca 2ϩ release , was used to investigate the action of thimerosal. The Ca 2ϩ ionophore, ionomycin, was used to assess the Ca 2ϩ content of intracellular stores of mature and immature oocytes.
Materials and methods

Sources of oocytes
The study was approved by the Joint Ethics Committee of Newcastle Health Authority and the University of Newcastle upon Tyne. Signed consent was given by all women who donated oocytes for the study. Three groups of oocytes were studied.
In-vivo matured oocytes from luteinized follicles
In all, 32 in-vivo matured oocytes donated for research by 13 women undergoing controlled superovulation for gamete intra-Fallopian transfer (GIFT) treatment, were used in the study. Ovulation stimulation was achieved by a standard regime of gonadotrophin-releasing hormone (GnRH) analogue (Suprefact; Hoechst, Hounslow, UK) and either human menopausal gonadotrophin (HMG, Pergonal; Serono UK Ltd, Welwyn Garden City, UK) or follicle stimulating hormone (FSH, 
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Metrodin; Serono) at a dose of 150-300 IU per day for 11-14 days, followed by 5000 or 10 000 IU human chorionic gonadotrophin (HCG, Profasi; Serono), 38-40 h prior to follicle aspiration. Follicles were aspirated transvaginally, using a double lumen needle (Casmed, Surrey, UK) attached to a suction pump. The leading follicle diameters at the time of oocyte retrieval ranged from 16-25 mm. Experiments were carried out within 8 h of harvest. The mean age of the women was 35 years (range 30-42 years).
Immature oocytes
Experiments on immature oocytes (n ϭ 21) were carried out within 6 h of harvest from the ovaries of 10 women undergoing gynaecological surgery, including oophorectomy. Oocytes were harvested at various stages of the ovarian cycle and the mean age of the women was 36 years (range 29-47). In cases where the ovaries were excised, they were immediately taken to the laboratory where small (Ͻ6 mm) antral follicles were aspirated using a 23 or 18 gauge needle attached to a 10 ml syringe. If the ovaries were conserved, the follicles were aspirated in situ using a 23 gauge needle and the follicular fluid was maintained at 37°C during transport to the laboratory.
In-vitro cultured oocytes
Immature oocytes (n ϭ 42) were aspirated from the ovaries of 15 women (mean age 38, range 26-47), as described above. The oocytes were immediately placed in Dulbecco's modified Eagle's medium (DMEM)/F12 medium (1:1) (Life Technologies Ltd, Paisley, UK), supplemented with 2% Ultraser (Life Technologies Ltd), which is a serum replacement whose main constituent is bovine serum albumin. The pH of the medium was 7.4 in 5% CO 2 and the osmolarity was 280-287 mOsmol/l. The oocytes were cultured in groups of 1-7 at 37°C in 4-well dishes (Nunclon, Roskilde, Denmark) in an atmosphere of 5% CO 2 and 99% relative humidity. Calcium measurements were carried out after (i) 24 h (n ϭ 11), (ii) 48 h (n ϭ 15) and (iii) 72 h (n ϭ 16) of culture.
Preparation of oocytes for Ca 2⍣ measurement
Oocytes were denuded of their cumulus cells by placing them in hyaluronidase (Sigma, Poole, UK) (11 IU/ml) in HEPES-buffered Earle's balanced salt solution (EBSS; Life Technologies Ltd) and aspirating them through fine bore (150-200 µm) pipettes for 1-3 min. Oocytes were then washed in HEPES-buffered EBSS supplemented with 0.5 mM pyruvate and 10% (v/v) human serum albumin (HSA; Albuminar-5, Armour Pharmaceuticals, Eastbourne, UK). Cumulus-free oocytes were kept in the above medium and maintained at 37°C for 0.5-6 h prior to measurement of [Ca 2ϩ ] i .
Assessment of nuclear maturation
The stage of meiosis was determined under phase contrast optics at ϫ20 magnification. Germinal vesicle (GV) stage oocytes had a clearly visible GV; oocytes in which neither a GV nor a polar body were seen were classified as being at metaphase 1 (MI) and oocytes in which a polar body was visible were classified as metaphase 2 (MII) oocytes.
Measurement of [Ca 2⍣ ] i
Fura-2, a dual excitation wavelength Ca 2ϩ indicator was used in all experiments. Oocytes were incubated with 1.5 µM of the esterified form of the dye (Fura-2 AM; Molecular Probes Inc, Oregon, USA) at 37°C for 15-20 min prior to the commencement of [Ca 2ϩ ] i measurement. A Nikon Diaphot microscope fitted with a 75W Xenon EPI-fluorescence lamp and a ϫ40 objective was used to measure [Ca 2ϩ ] i . Individual oocytes were illuminated alternately for 500 ms at 350 and 380 nm which are the respective excitation wavelengths of free and bound Fura-2. Excitation filters were alternated by means of a computer driven filter wheel (Newcastle Photometric Systems, Newcastle upon Tyne, UK) and the intensity of emitted light at wavelengths Ͼ520 nm was measured using a single photon counter (Newcastle Photometric Systems). The mean ratio of fluorescence at each wavelength was calculated and recorded every 1.1 s. Thus a profile of the relative concentrations of free and bound Ca 2ϩ in the cytosol was obtained. The system was calibrated using 1.5 µM solutions of the penta potassium form of Fura-2 in intracellular buffers (140 mM KCl, 10 mM HEPES and 10 mM EGTA) (all from Sigma) of known Ca 2ϩ concentration.
Oocytes were held in position by gentle suction on a micropipette in a perspex bath with a base formed by a 1 mm glass coverslip. Experiments were carried out at 35-37°C. The bathing solution was HEPES-buffered EBSS (pH 7.4) supplemented with 0.5 mM pyruvate (Sigma). Measurement of oocyte [Ca 2ϩ ] i was carried out during continuous superfusion of solutions and the bath volume was maintained at~200 µl by means of an angled suction probe.
Experimental agents
All experimental agents were applied in EBSS with or without added Ca 2ϩ . Oocytes were exposed to thimerosal (10 and 100 µM) for 5 min, or less, if a response was initiated sooner. Caffeine (20 mM) and dibutyryl cyclic AMP (db-cAMP) (10 µM) were applied for 5 min periods. Ionomycin was made as a 10 mM stock in dimethyl sulphoxide (DMSO), and oocytes were exposed to 10 µM in EBSS without added Ca 2ϩ , for 7-10 min. All of the above were supplied by Sigma.
Statistical analysis
The incidence of the different types of thimerosal-induced Ca 2ϩ response in the different groups of oocytes was compared using Fisher's exact test. The mean increases in [Ca 2ϩ ] i were compared using Student's t-test.
Results
Responses to thimerosal
When in-vivo matured (n ϭ 17), immature (n ϭ 14) and invitro matured (48 h) (n ϭ 15) human oocytes were exposed to thimerosal, three distinct types of [Ca 2ϩ ] i responses were seen: type 1, a large spike followed by oscillations ( Figure  1A) ; type 2, a minor elevation ( Figure 1B) ; and type 3, a single large spike ( Figure 1C ). The incidence of the three types of response within the three groups of oocytes is shown in Table I . In-vivo matured oocytes A type 1 response was observed in the majority (10 out of 17) of in-vivo matured oocytes. The initial spike began with a relatively slow rate of increase in [Ca 2ϩ ] i from a mean baseline fluorescence ratio of 0.95 (108 nM). The rate of rise of [Ca 2ϩ ] i became exponential at a mean ratio height of 1.12 (159 nM Ca 2ϩ ) and peaked at a mean ratio of 2.23 (1.4 µM). In most cases [Ca 2ϩ ] i did not return to its original baseline following the initial spike and subsequent oscillations occurred from a new, slightly elevated baseline that corresponded closely with the threshold [Ca 2ϩ ] i seen in the initial spike ( Figure  1A ). The magnitude of the subsequent oscillations generally increased during the first three or four oscillations but usually remained smaller than that of the initial spike. The fluorescence ratio at the peak of the oscillations ranged from 1.22-2. with a mean of 1.53 (545 nM). There was a mean interspike interval of 32 s (range 22-64). The oscillations were sustained for the duration of the recording (up to 1 h).
There was considerable variation in the sensitivity to thimerosal within the in-vivo matured group; 10 µM was sufficient to trigger oscillations in half of the responding oocytes while the remainder failed to respond to 10 µM but did so to 100 µM. The latency of the response ranged from 0-300 s.
Thimerosal failed to induce a response in one in-vivo matured oocyte and five oocytes showed only a minor elevation. 
Immature oocytes
Exposure of immature oocytes to thimerosal (10 and 100 µM) within 6 h of harvest from small antral follicles resulted in a minor elevation of [Ca 2ϩ ] i (a type 2 response) in 13 out of 14 oocytes. The mean fluorescence ratio at resting [Ca 2ϩ ] i was 1.08 (145 nM) and the mean ratio at the elevation peak was 1.34 (281 nM) which exceeds the spiking threshold seen in mature oocytes. One oocyte (out of 14) showed no response to thimerosal. In-vitro cultured oocytes When immature oocytes were cultured in vitro for 48 h, nine out of 15 showed a single large spike in [Ca 2ϩ ] i (type 3 response) in response to thimerosal (100 µM). This was similar in amplitude (1.59 µM) to that preceding the oscillations in the in-vivo matured oocytes. Two of the oocytes in the in-vitro matured group exhibited a small number of rapid oscillations superimposed on the tail of the initial spike as it approached the resting [Ca 2ϩ ] i . Again, the post-spike baseline was slightly higher than pre-stimulation levels but sustained oscillations did not occur. Thimerosal failed to evoke a response in five out of 15 in-vitro cultured oocytes. None of the invitro cultured group showed a response to 10 µM thimerosal.
Role of external calcium in thimerosal responses
In-vivo matured oocytes (n ϭ 7) exposed to thimerosal in nominally Ca 2ϩ -free EBSS, showed no increase in [Ca 2ϩ ] i , however an immediate transient was observed in four out of seven oocytes when EBSS containing 1.8 mM Ca 2ϩ was perfused through the bath (Figure 2 ). Sequential perfusion of Ca 2ϩ -free and Ca 2ϩ -containing EBSS did not cause an increase in [Ca 2ϩ ] i (data not shown). Oscillations induced by thimerosal in the presence of external Ca 2ϩ , ceased immediately when added Ca 2ϩ was washed from the bathing solution (n ϭ 3). Thus, external Ca 2ϩ was required both for the initiation and continuation of thimerosal-induced oscillations in human oocytes.
Effect of caffeine
In-vivo matured oocytes (n ϭ 4) which had been exposed to thimerosal and were undergoing Ca 2ϩ oscillations were superfused with caffeine (20 mM). In all cases, caffeine caused an immediate inhibition of the oscillations which occurred subsequent to the initial large thimerosal-induced spike; the effect was reversed when caffeine was removed from the bathing solution (Figure 3) . Exposure of oocytes to db-cAMP (10 µM) had no effect on thimerosal-induced oscillations, indicating that the effect of caffeine was independent of its inhibitory action on phosphodiesterase activity.
Effect of stage of meiosis on thimerosal responses
The thimerosal response, according to the stage of meiosis of oocytes exposed to thimerosal in the presence of external Ca 2ϩ is shown in Figure 4 . There was no indication of a relationship between the type of thimerosal response and the stage of meiosis in each of the three groups of oocytes. Of the 17 invivo matured oocytes, 13 were at MII and four were at MI, and a type 1 response was observed in seven out of 13 and three out of four respectively ( Figure 4A ). Half of the immature oocytes (seven out of 14) had undergone GV breakdown at the time of [Ca 2ϩ ] i measurement (1-6 h after harvest) and seven out of 14 had an intact GV; all except one oocyte which had an intact GV displayed a type 2 response ( Figure 4B ). During 48 h of culture in vitro, five out of 15 oocytes developed to MII, nine out of 15 developed to MI and one out of 15 remained at the GV stage. The frequency of observation of the type 3 response in in-vitro cultured MII oocytes (four out of five) was higher than in MI (five out of nine) oocytes but the difference was not significant ( Figure 4C ).
Effect of duration of culture on meiotic maturation and thimerosal responses of immature oocytes cultured in vitro
The impact of a longer (72 h, n ϭ 16) and shorter (24 h, n ϭ 11) duration of culture on meiotic maturation and the development of Ca 2ϩ signalling mechanisms was investigated. The stage of meiosis of oocytes after 24, 48 and 72 h of culture and the type of Ca 2ϩ response following exposure to thimerosal is shown in Figure 5 . The proportion of oocytes developing to MII during culture in vitro were 27% after 24 h, 33% after 48 h and 62% after 72 h, while the proportions undergoing a spiking response to thimerosal were 27, 60 and 31% respectively. The overall development to MII (43%) is Table I . Each bar represents the ratio of total number of oocytes in group. comparable with a number of previous reports on meiotic maturation of human oocytes in vitro (Shea et al., 1975; McNatty et al., 1978; Cha et al., 1991) .
Ca 2ϩ release in response to ionomycin
Ionomycin was used to investigate the possibility that the differences in thimerosal sensitivity of mature and immature human oocytes were due to differences in the Ca 2ϩ content of intracellular stores. The effect of ionomycin (10 µM in nominally Ca 2ϩ -free EBSS) on [Ca 2ϩ ] i was measured in mature (MII) oocytes (n ϭ 8) from luteinized follicles and immature (GV) oocytes (n ϭ 7) from small antral follicles. There was no difference in the ionomycin induced [Ca 2ϩ ] i increase in mature and immature oocytes, although the magnitude of the responses varied within each group. Overall, the peak elevation of [Ca 2ϩ ] i represented a 6-41% increase on baseline levels and the mean peak increase in [Ca 2ϩ ] i represented a 16% (SEM 3.4) increase on baseline levels (SEM 3.4) in immature oocytes and 21% (SEM 4.3) in mature oocytes. The pattern of the ionomycin response also varied between oocytes: a sustained elevation was observed in four out of seven immature oocytes and in three out of eight mature oocytes while a transient increase was seen in two out of seven immature oocytes and in five out of eight mature oocytes. In order to verify that ionomycin had permeated the plasma membrane, ionomycin treated oocytes (n ϭ 2) were superfused with EBSS containing 1.8 mM Ca 2ϩ ; an immediate large increase in [Ca 2ϩ ] i was observed (Figure 6 ). Exposure to DMSO alone did not cause an increase in [Ca 2ϩ ] i .
Discussion
Development of sensitivity to thimerosal
The responses of in-vivo matured and immature oocytes to thimerosal indicate that there is a development of the mechanisms of Ca 2ϩ signalling during maturation of human oocytes, which is consistent with findings in the starfish (Chiba et al., 1990) , hamster (Fujiwara et al., 1993) and mouse (Mehlmann and Kline, 1994) . Oocytes from luteinized follicles exhibited a large spike of [Ca 2ϩ ] i which was followed by sustained oscillations similar to those previously reported (Herbert et al., 1995) while oocytes harvested from small antral follicles showed only a very minor increase in [Ca 2ϩ ] i when exposed to thimerosal. When immature oocytes were cultured in vitro, they resumed meiosis and also developed an increased sensitiv- ity to thimerosal. This took the form of a single large spike in [Ca 2ϩ ] i which was similar in duration and magnitude to the initial spike seen in the group matured in vivo, but the subsequent sustained oscillations were not observed in oocytes matured in vitro.
The acquisition of a spiking response to thimerosal during culture in vitro indicates that the immature oocytes developed a capacity for autocatalytic release of Ca 2ϩ during culture in vitro, which is consistent with findings in maturing hamster oocytes (Fujiwara et al., 1993) . However, the failure of the in-vitro cultured oocytes to undergo sustained oscillations suggests that the culture conditions were unable to promote full maturation of Ca 2ϩ signalling mechanisms. Since the sustained oscillations seen during fertilization of mammalian oocytes are essential for normal embryonic development (Swann and Ozil, 1994) , failure to develop an oscillatory mechanism is likely to render these oocytes incapable of responding normally to spermatozoa, and may be related to the low potential for development when in-vitro matured human oocytes are inseminated (Trounson et al., 1994; Barnes et al., 1996) .
Studies in the mouse indicate that the ability to undergo full oocyte activation is acquired just prior to ovulation (Kubiak, 1989) . It could be postulated that the late luteinized follicle provides a positive stimulus for the acquisition of an oscillatory mechanism in oocytes. Alternatively, Jones et al. (1995) reported that mouse oocytes develop the ability to undergo sustained oscillations in response to spermatozoa during mat-970 uration in vitro. However, the oocytes used in that study were obtained from animals primed with pregnant mare's serum gonadotrophin, and were harvested at the end of the follicular phase, when the oocytes would be fully grown, while the oocytes used in the present study were obtained from small antral follicles of unprimed human ovaries at various stages of the menstrual cycle. Diameter measurements of these oocytes indicated that they were not fully grown at the time of harvest, since they were~10% smaller than human oocytes harvested from luteinized follicles (M. Herbert, unpublished) . Since oocyte size is correlated with both meiotic and developmental competence (Sorenson and Wassarman, 1976; Sato et al., 1990; Christmann et al., 1994; Jelinkova et al., 1994) , this observation may be an important factor in the failure of in-vitro matured human oocytes to undergo oscillations in response to thimerosal. It may also contribute to the poor rate of development to MII observed in this and previous studies on meiotic maturation of immature human oocytes from small antral follicles (Shea et al., 1975; McNatty et al., 1978; Cha et al., 1991) . It may be that oocytes which were fully grown at the time of harvest would be more competent to complete meiotic maturation and develop normal Ca 2ϩ signalling processes during culture in vitro.
Mechanisms by which thimerosal induces release of Ca 2⍣ from intracellular stores
The effect of thimerosal on InsP 3 R-mediated Ca 2ϩ release has been well documented. Studies on a number of cell types as well as in purified, reconstituted receptor systems demonstrate that thimerosal sensitizes InsP 3 Rs by increasing the affinity for InsP 3 binding (Bootman et al., 1992; Bird et al., 1993; Hilly et al., 1993; Kaplin et al., 1994; Joseph et al., 1995) . However, the action is specific only when low doses of thimerosal are used. At higher doses and during prolonged exposure, it inhibits Ca 2ϩ -ATPase pumps (Bootman et al., 1992; Missiaen et al., 1992; Parys et al., 1993; Sayers et al., 1993) . This causes a passive movement of free Ca 2ϩ into the cytoplasm which can in turn trigger oscillations through a Ca 2ϩ -induced Ca 2ϩ release (CICR) mechanism. A recent report indicates that thimerosal may also act directly on RyRs since it modulates release of Ca 2ϩ from skeletal muscle sarcoplasmic reticulum (Abramson et al., 1995) .
Thimerosal induces Ca 2ϩ oscillations in the eggs of a number of mammalian species (Swann, 1991; Swann, 1992; Fissore and Robl, 1993; Fissore et al., 1995) including human (Homa and Swann, 1994; Herbert et al., 1995) . These appear to be mediated by the InsP 3 R system since thimerosal-induced oscillations in hamster eggs are blocked by an antibody to the InsP 3 R (Miyazaki et al., 1992a) and in bovine (Fissore et al., 1995) and rabbit (Fissore and Robl, 1993) and mouse eggs, thimerosal-induced oscillations are inhibited by the InsP 3 antagonist, heparin. A higher concentration of heparin is required to block Ca 2ϩ oscillations induced by thimerosal than those induced by InsP 3 (Carroll and Swann, 1992; Kline and Kline, 1994) .
The inhibitory effect of caffeine on the sustained Ca 2ϩ oscillations in thimerosal treated human oocytes, indicates that the oscillations seen in the wake of the initial large spike are mediated by InsP 3 Rs, since caffeine enhances release of Ca 2ϩ via the RyR and inhibits InsP 3 R-mediated release (Parker and Ivorra, 1991; Brown et al., 1992; Bezprozvanny et al., 1994; Combettes et al., 1994; Ehrlich et al., 1994) . The effect of caffeine on the initial large spike was not investigated. The primary mechanism by which caffeine inhibits InsP 3 -mediated Ca 2ϩ release is thought to be through a reduction in the frequency of InsP 3 R channel opening (Brown et al., 1992; Bezprozvanny et al., 1994; Combettes et al., 1994; Ehrlich et al., 1994) . In addition to its effects on intracellular Ca 2ϩ release channels, caffeine also inhibits phosphodiesterase activity but the lack of effect of db-cAMP on thimerosal-induced oscillations indicates that the inhibitory effect of caffeine was independent of an increase in cAMP. These results indicate that the thimerosal-induced oscillations observed here were mediated by InsP 3 Rs. Thus the increased sensitivity to thimerosal following maturation may reflect a development of the InsP 3 R Ca 2ϩ release system during maturation of human oocytes. Such a development has previously been reported in starfish (Chiba et al., 1990) , hamster (Fujiwara et al., 1993) and mouse (Mehlmann and Kline, 1994) oocytes.
In contrast to the present findings, it has been reported that thimerosal causes oscillations in immature mouse oocytes (Carroll and Swann, 1992; Mehlmann and Kline, 1994) . However, a continuous rather than pulsed application of thimerosal was used in these studies. Since the effect of thimerosal becomes less specific with prolonged application (Bootman et al., 1992; Sayers et al., 1993) , the results of the mouse studies may not be directly comparable with those of the present study. Using a smaller dose of thimerosal (25 mM) which is more likely to have a specific action on InsP 3 Rs, Ducibella and Beutow (1994) reported that the sensitivity of mouse oocytes to thimerosal increased during maturation since it was more effective in triggering cortical granule exocytosis in mature than in immature oocytes. Interestingly, Cheek et al. (1993) reported that thimerosal-induced oscillations in mature mouse oocytes ceased when thimerosal was removed from the bathing solution, contrasting with the finding that oscillations in human oocytes, continued for up to 1 h after thimerosal had been removed from the bath. Thus, it may be that the mode of action of thimerosal differs between mouse and human oocytes.
Role of Ca 2⍣ influx in thimerosal-induced Ca 2⍣ responses
Thimerosal activates a Ca 2ϩ influx pathway in a number of cell types (Gukovskaya et al., 1992; Thorn et al., 1992; Gericke et al., 1993) , including sea urchin eggs but the extent to which responses are reliant on external Ca 2ϩ is dose dependent. In pancreatic acinar cells, Ca 2ϩ influx is obligatory when lower concentrations (Ͻ50 µM) are used, but not so at higher doses (Thorn et al., 1992) . The doses of thimerosal used in the present study did not elicit an increase in [Ca 2ϩ ] i in the absence of external Ca 2ϩ . Thus it appears that a Ca 2ϩ influx mechanism was an essential component in the initiation of the responses. While the exact role of Ca 2ϩ influx in the thimerosal responses remains to be established, it is possible, that there is a requirement for intracellular stores 971 of human oocytes to be filled before release of Ca 2ϩ can occur. Alternatively, it is possible that the influx triggered a release of Ca 2ϩ from internal stores through a CICR mechanism.
Role of Ca 2⍣ content of intracellular stores in the thimerosal responses
The finding that the ionomycin-induced increase in [Ca 2ϩ ] i was not different in mature and immature oocytes suggests that the lower sensitivity of immature oocytes to thimerosal was not due to lower levels of free Ca 2ϩ in the intracellular stores of immature oocytes. Furthermore, the increase in [Ca 2ϩ ] i of mature human oocytes was small compared with mouse oocytes treated with Ca 2ϩ ionophores (Tombes et al., 1992; Mehlmann and Kline, 1994; Jones et al., 1995) , suggesting that mature mouse oocytes have larger Ca 2ϩ stores than mature human oocytes. It is possible that human oocytes are less permeable to ionomycin than those of the mouse, although the large increase in [Ca 2ϩ ] i of ionomycin treated oocytes when they were exposed to 1.8 mM Ca 2ϩ suggests that the ionophore was able to partition in the plasma membrane lipid bilayers. Further investigation of the apparent differences in Ca 2ϩ store content of human oocytes and those of other species is required.
Models for the development of thimerosal sensitivity in in-vivo and in-vitro matured human oocytes
The finding that thimerosal failed to induce a spiking response in immature oocytes despite causing an increase in [Ca 2ϩ ] i which generally exceeded the spiking threshold in mature oocytes indicates that immature oocytes lacked the capacity for regenerative release of Ca 2ϩ . The ability of in-vitro cultured oocytes to undergo the initial large spike but not the subsequent sustained oscillations suggests that the thimerosal responses of mature human oocytes is comprised of two components. While the caffeine experiments indicate that sustained oscillations were the result of release from InsP 3 Rs, the caffeine sensitivity of the large initial spike was not tested. Therefore, the possibility exists that the initial spike occurred as a consequence of RyR activation either through a direct action of thimerosal on the receptor or through activation of CICR by thimerosal-induced Ca 2ϩ influx across the plasma membrane. The single spiking response of in-vitro matured oocytes could possibly be explained by the acquisition of RYR, but not InsP 3 R, sensitivity during culture in vitro. This hypothesis remains to be tested.
Alternatively, the failure of in-vitro cultured oocytes to undergo sustained oscillations could be due to a failure of internal stores to refill following the initial large spike. This may reflect a reduced capacity for Ca 2ϩ sequestration because of quantitative or functional limitations of intracellular Ca 2ϩ -ATPase pumps. A similar suggestion was made by Jones et al. (1995) to explain the limited capacity of immature mouse oocytes to undergo repetitive transients following sperm entry. It is also possible that the mechanism by which intracellular stores regulate Ca 2ϩ influx across the plasma membrane (Ca 2ϩ -release activated Ca 2ϩ current) (Hoth and Penner, 1992) may be incompetent in in-vitro matured human oocytes.
Consequently, the intracellular stores would not have been replenished following the initial spike.
Summary
The findings of this study provide the first reported evidence for a development in Ca 2ϩ signalling mechanisms during maturation of human oocytes. Brief exposure of in-vivo matured human oocytes to thimerosal resulted in a large spike in Ca 2ϩ followed by smaller sustained oscillations which appear to be mediated by the InsP 3 R Ca 2ϩ release system. Immature oocytes showed only a very minor elevation in [Ca 2ϩ ] i upon exposure to thimerosal. The similar magnitudes of [Ca 2ϩ ] i increase when mature and immature oocytes were exposed to ionomycin suggest that the increase in sensitivity to thimerosal during oocyte maturation was not regulated by the size of the intracellular Ca 2ϩ stores. Immature oocytes acquired the ability to undergo a single large spike in [Ca 2ϩ ] i , in response to thimerosal, however they failed to develop the capacity to undergo the sustained oscillations seen in oocytes matured in vivo. This finding indicates that the InsP 3 R-mediated Ca 2ϩ release mechanisms did not become fully competent during culture in vitro and may explain the poor developmental capacity of in-vitro matured human oocytes after insemination (Trounson et al., 1994; Barnes et al., 1996; Russell et al., 1996) . Thimerosal could serve as a useful tool for assessing the ability of culture conditions to promote the development of competent Ca 2ϩ signalling mechanisms, which are a crucial component of successful embryonic development.
